Mesoscale eddies are everywhere in the ocean. They provide important material and dynamical fluxes for the equilibrium balances of the general circulation and climate. Eddy effects are necessary ingredients for oceanic general circulation models, whether parameterized or, as is increasingly done, explicitly resolved in the simulations. The primary characteristics of eddies are summarized in this paper, and the principal roles of eddies in the dynamics of large-scale circulation are described. Those eddy roles are the following: maintenance of boundary and equatorial currents; lateral and vertical buoyancy fluxes, isopycnal form stress, and available potential energy conversion; Reynolds stress, kinetic energy conversion, and current rectification; material dispersion and mixing; energy cascades and dissipation routes; Lagrangian mean advection; surface-layer density restratification; ventilation and subduction; stratification control; frontogenesis; topographic form stress; biological pumping and quenching; and generation of intrinsic climate variability.
InTRoducTIon
Mesoscale eddies pervade the ocean (e.g., Plates 1 and 2 and Stammer [1997] ), and they usually account for the peak in the kinetic energy spectrum [Wunsch and Stammer, 199] . For the most part, they arise from instabilities of more directly forced, persistent currents. Consequently, they play a central role in limiting the strength of the persistent currents. How eddies play this role can be expressed qualitatively as an effective eddy viscosity that spreads and dissipates the parent currents (although the language of eddy diffusion is notoriously subtle in fluid dynamics). Similarly, eddies disperse material concentrations, largely along isentropic/isopycnal surfaces in the stratified interior, and this role can be expressed as an anisotropic eddy diffusion 1 as well as, somewhat more subtly, an eddy-induced advection. of course, in the nonstationary, inhomogeneous four-dimensional structure of the oceanic general circulation and climate, such simple characterizations of the effects of eddies-i.e., the eddy-averaged fluxes due to eddy-fluctuation covariances-are far from the whole story. This essay surveys the conceptual landscape of eddy effects at a qualitative level. It does not delve deeply into how these effects are, or should be, represented in models either by parameterizations or direct simulation. These subjects are large ones, while the essay is relatively short and much less than a comprehensive review.
oceanic spectra are broad band. The mesoscale range is centered around horizontal scales L of tens and hundreds of kilometers. L is close to the first baroclinic deformation radius, R d » NH/f outside the tropics or R d » ÖNH/b near the equator [Stammer, 1997] . N is the buoyancy frequency in the main pycnocline, H its depth, f the Coriolis frequency, and b the meridional gradient of f. R d is much smaller than most basin widths. The most energetic vertical scales are relatively large, comparable to H or the oceanic depth D. The evolutionary timescales range from (bL) -1 ~ days-for larger scale barotopic Rossby waves with L > R d -to R d V -1 (V is the horizontal velocity) or (bR d ) -1 ~ weeks and months-for baroclinic eddies [Chelton et al., 2007] -and even to yearsfor some coherent vortices like Meddies [McWilliams, 198] that survive until some destructive encounter with another strong current or steep topography. The spatial distribution of eddy energy is quite inhomogeneous with the highest energy near the major persistent currents, e.g., the Gulf Stream and Antarctic Circumpolar Current [Ducet et al., 2000] .
For present purposes, it is useful to decompose oceanic currents and material concentration variations into four components: large-scale, mesoscale, submesoscale, and microscale. climate and general circulation models simulate the large-scale distributions, with mesoscale eddy effects either parameterized or at least partially resolved (following the strategy of large eddy simulation; Pope [2000] ). We must acknowledge, however, that we are still several computer generations away from being able to fully and routinely resolve the mesoscale in global climate models (e.g., with a horizontal grid scale of 5 km and a model integration time of centuries).
Submesoscale eddies are defined as smaller than the mesoscale while still significantly influenced by Earth's rotation and density stratification. They are not resolved in modern oceanic general circulation models (oGcMs). determining which submesoscale effects need to be parameterized in oGcMs is still very much a future frontier. Among the most plausibly important effects are density restratification, especially in the surface layer [Rudnick and Ferrari, 1999] , and a route to energy dissipation for the mesoscale [Muller et al., 2005] . Parameterization of microscale effects are important for the turbulent boundary layers at the top, bottom, and sides (if any) and for the interior diapycnal mixing of materials across stably stratified isopycnal surfaces.
These are interesting times in the science of eddies and the general circulation. The theoretical framework for eddy dynamics is well established, as are the observational and modeling bases for eddy structure and phenomenology. But the observational basis for eddy fluxes is still quite sparse, and no measurement techniques in prospect are likely to change this greatly. There is a modeling path for establishing "eddyflux truth," but this path probably requires much higher resolutions than are commonly used as yet, and probably further refinements in submesoscale and microscale parameterizations are necessary as well to become demonstrably robust and reproducible. The papers in this book comprise a status report on eddy-resolving ocean modeling.
Eddy THEoRy And ModELInG
Mesoscale eddy flows are understood by oceanographers to satisfy approximately the diagnostic force balances, viz., geostrophic in the horizontal and hydrostatic in the vertical. This is a consequence of their dynamical parameter regime with small Rossby number, Froude number, and aspect ratio:
In this regime, the asymptotic dynamical model is quasigeostrophy:
where
The subscript 0 denotes a constant reference value. The subscript h denotes the horizontal component of a vector, and x and y are the zonal (eastward) and meridional (northward) horizontal coordinates. The upward vertical coordinate is z; ẑ is its unit vector; z = 0 is mean sea level; and z = -D(x h ) is the bottom. v g is geostrophic velocity; f is geopotential function (dynamic pressure); b is buoyancy variation around the mean stratification, ò N 2 (z)dz; T is temperature; and S is salinity. g is gravitational acceleration; ã and b are thermalexpansion and haline-contraction coefficients; andg is quasigeostrophic potential vorticity. ncE indicates nonconservative effects associated with submesoscale and microscale stirring and mixing parameterizations, which usually have small rates except near the surface and bottom where they convey boundary stress and material fluxes into the ocean. H s and H b are constant vertical layer thicknesses adjacent to the surface and bottom, and d[a,b] is a discrete delta function equal to one when a = b and zero otherwise.
Almost all our understanding of eddy dynamics and phenomena has its roots in quasi-geostrophic theory and its extensive body of analytical and computational solutions [Pedlosky, 1987; McWilliams, 2006; Vallis, 2006] (x,y,0,t) in the finalg term in (3).
The quasi-geostrophic equations (2) and (3) are essentially a local model on the eddy scale (i.e., L » R d ). They lose accuracy and relevance on the larger scales of the general circulation as well as on finer submesoscales and microscales. For this reason and for the purpose of geographically realistic simulations, the usual practice is to base an oGcM on the hydrostatic primitive equations (i.e., not assuming small Ro, Fr, b 0 /f 0 , and |D -D 0 | / D 0 ); on the full equation of state for seawater; and on realistic surface forcing and topography [McWilliams, 1996] . This imposes a gap between idealized eddy theory and realistic oGcM simulation. The gap is widened by the computational compromises required for general circulation and climate simulations. nevertheless, the past decade has seen a rapid increase in eddyresolving oGcM simulations, as increased computational capacity has made them at least somewhat feasible. no doubt, the future will be dominated by fully eddy-resolving oGcMs, while the present time is a transitional stage when many lessons are still being learned about how they should be configured.
Eddy RoLES In cIRcuLATIon And cLIMATE
In an oGcM, the large-scale circulation is explicitly calculated. The dynamical effects of mesoscale eddies must then be either parameterized or explicitly calculated. In either case, it is necessary to understand what the important eddy effects are. This problem is a particular example of the eddy-mean interactions that are so central to fluid dynamics. Here, the mean is identified with the large-scale flow and material distributions. This section surveys the principal eddy effects as presently understood. In most aspects, the quantitative measures of these effects in nature and in oGcMs are still at a rather rudimentary level, and future work will have to improve the tests and probably modify our understanding of the eddy roles.
We continue to use angle brackets to denote an average over the eddies (i.e., the mean) and use a prime to denote a band-pass filter applied to the residual fluctuations centered on the mesoscales (i.e., the eddies). The eddy effects are expressed through eddy flux divergences that contribute to the mean tendency of any advected quantity A:
where the dots are a placeholder for the other evolutionary influences on áAñ, and v is assumed to be nondivergent. In oceanic models, A is relevant to momentum v, vorticity, buoyancy b, potential vorticity q, and many material properties (e.g., temperature T, salinity S, biological nutrients, and organisms). Eddy effects on other quantities of interest, such as energy and its dissipation rate, are assessed by derivations from the primary governing equations in the form of (4).
Eddy Maintenance of Boundary and Equatorial Currents
Since the work of Munk [1950] , it has been understood that the western boundary currents in extra-tropical wind gyres are dynamically supported by eddies in a way that could be parameterized with a horizontal eddy viscosity v h . All oGcMs have some form of v h , and the associated boundary layer thickness, L v ~ h /b) 1/3 , must be at least as large as a few grid cells to support a lateral boundary stress (and perhaps also suppress computational noise). Simulations with well-resolved boundary currents and a small v h value relegate the direct influence of v h to within the nearboundary region, while explicit eddy instabilities give rise to momentum flux áv¢v¢ñ (Reynolds stress) and buoyancy flux áv¢b¢ñ that further act to maintain and reshape the mean currents, not always in ways consistent with Munk's simple modeling concept (cf. sections 3.2 and 3.6). In the broad sweep of oceanic theory and modeling, horizontal and vertical eddy viscosities have often been invoked for the maintenance of mean currents near boundaries and the equator as a means of balancing their persistent forcing. This perspective seems less apt for the Antarctic Circumpolar Current and the eastward extension of separated western boundary currents where the important eddy effects are better characterized in ways other than by an eddy viscosity based on a down-gradient Reynolds stress.
Eddy Buoyancy Flux, Isopycnal Form Stress, and Potential Energy Conversion
In the mean circulation, the potential energy-or, more precisely, the available potential energy ~ò ábñ
is the horizontal scale of the mean flow; Gill et al. [1974] ). An effective route for energy dissipation of the mean circulation is by conversion of mean potential energy into eddy energy with ò áw¢b¢ñdx > 0 (w is vertical velocity). This is often associated with baroclinic instability where fluctuations amplify with an associated horizontal buoyancy flux áv¢ h b¢ñ that is negatively correlated with the mean buoyancy gradient Ñ h ábñ (cf., section 3.). With geostrophic balance, this also implies a correlation with the mean vertical shear ¶ z áv h ñ. This has the effect of vertical momentum transfer, hence reduction of mean shear, through an eddy form stress f 0 ẑ ´ áv¢ h h¢ñ acting on approximately impenetrable density surfaces in the stably stratified interior region (h » -b/N 2 is the vertical displacement of an isopycnal surface from its resting level). As a parameterization representation, these effects can be expressed as lateral eddy diffusion of buoyancy with diffusivity k h -and, even better, as lateral diffusion of the "thickness" between isopycnal surfaces, ¶áhñ/ ¶b, which has a quasi-adiabatic effect on the mean buoyancy field [Gent and McWilliams, 1990 ]-or vertical eddy viscosity for horizontal velocity, with an equivalent eddy viscosity,
2 . This process for eddy equilibration and dissipation of the mean circulation is particularly apt for the Antarctic Circumpolar Current [Marshall, 1981; McWilliams and Chow, 1981; Gent et al., 1995] , and it is also quite widespread, as most large-scale currents are concentrated in the upper ocean and thus have substantial vertical shear. Baroclinic energy conversion is probably the dominant route to dissipation from the general circulation through the mesoscale [Wunsch and Ferrari, 2004] , although microscale boundary-layer turbulence also contributes significantly (section 3.4).
Eddy Dispersion and Mixing
As usual, in turbulent flows, the Lagrangian autocorrelation time is finite for mesoscale eddy trajectories, and particle dispersion,
is a monotonically increasing function over intervals of days to months (X¢(t) = ò v¢dt is the Lagrangian position following the eddy velocity). These behaviors support the interpretation of eddy mixing for material concentrations and, more heuristically, since the pressure force breaks Lagrangian conservation, for momentum as well. The associated Lagrangian diffusivity, k = d t D, is usually found to be consistent with a "mixing-length" estimate,
, based on mesoscale currents [Krauss and Bön-ing, 1987; Sundermeyer and Price, 1998 ]. Such a diffusivity magnitude has a significant dispersal effect across oceanic gyres over a period of decades. In quasi-geostrophic theory (section 2), eddy trajectories are entirely horizontal following the geostrophic flow, and it is physically plausible that this constraint can be generalized to their confinement to isopycnal surfaces with small slopes in the stably stratified, nearly adiabatic oceanic interior. Thus, eddy dispersion and mixing are highly anisotropic, acting much more in isopycnal directions than diapycnal.
2 This leads to a degree of homogenization for passively advected material concentrations within closed geostrophic circulation contours on isopycnal surfaces (as has long been noted by hydrographers), limited by the geographical distribution of their diabatic sources and sinks. As potential vorticity q is also conserved on trajectories except for mixing effects, it too may become homogenized through eddy isopycnal mixing within mean recirculation gyres under some conditions [Rhines and Young, 1982] . This is potentially a strong dynamical constraint on the 3d structure of the mean circulation [e.g., as in the inversion ofg for j and v g in (3)]; however, the present evidence in favor of potential-vorticity homogenization is more evident in quasi-geostrophic models than in oGcMs.
Eddy Energy Cascades
once energy is transferred from the general circulation into the eddy field, eddy advective dynamics lead to transfers of variance across spatial scales, commonly referred to as a cascade. The paradigm for eddy cascades is geostrophic turbulence theory [Charney, 1971] . The theory predicts that eddy energy has an inverse cascade toward larger scales both vertically and horizontally; that there is an approximately equipartition between kinetic and available potential energy; that potential enstrophy áq¢ 2 qg ñ cascades toward smaller scales (hence to its dissipation); and that dynamically passive material tracers cascade toward smaller horizontal scale without any vertical exchanges. These predictions are for a vertically unbounded domain. With a finite depth, the baroclinic eddies with L >> L d cascade into barotopic eddies with L near L d and thereafter exhibit an inverse cascade in horizontal scale [Salmon, 1982; Larichev and Held, 199] . These cascades can be impeded by large-scale potential vorticity gradients associated with f, D, or áv h ñ, e.g., for the Coriolis frequency, the arrest scale is L b = (V ¢ / b)¢/ 1/2 [Rhines, 197] , with typical values of hundreds of kilometers in the ocean (i.e., larger than L d ). Barotropic currents, in particular, can be dissipated through bottom boundary layer drag, which provides one important route to dissipation for eddy energy. There may also be an important forward eddy energy cascade into the submesoscale in the interior associated with a breakdown of the geostrophic and even more general diagnostic force balances [Muller et al., 2005; [2005] show observational evidence for such a forward cascade at least with respect to eddy kinetic energy. Eddy routes to dissipation are a necessary accompaniment for eddy depletion of the general circulation through meancurrent instabilities (sections 3.2 and 3.6).
Eddy-Induced Lagrangian Transport
Any vector can be decomposed with respect to any other vector. For eddy transport, it is relevant to decompose eddy buoyancy flux áv¢b¢ñ relative to the mean buoyancy gradient Ñábñ:
The separate terms represent eddy fluxes along and across mean buoyancy surfaces (i.e., isopycnal and diapycnal, with the former component also referred to as the skew flux, perpendicular to the mean buoyancy gradient; Griffies [1998] ). The final relation in (5) implicitly defines the eddy-induced streamfunction Y* and residual buoyancy flux R*[ábñ]. We further define an eddy-induced velocity,
We can readily show that v* is nondivergent, Ñ × v* = 0 (as is the Eulerian velocity in an incompressible fluid) and that it provides an eddy-induced buoyancy advection in the mean buoyancy equation,
This formal decomposition of the eddy buoyancy flux allows a statement of the physical hypothesis that the diapycnal flux R*[ábñ] is very small in the stably stratified, nearly adiabatic interior of the ocean (i.e., outside the turbulent boundary layers) where b is almost conserved along trajectories over several eddy fluctuation cycles [Gent and McWilliams, 1990; Gent et al., 199] . This implies that the only important eddy effect on the baroclinic dynamics of the circulation is an additional buoyancy advection by v*, which can thus be considered part of the Lagrangian mean flow 4 when it is added to ávñ. When eddies act to extract mean available potential energy (section 3.2), v* is an overturning circulation acting to flatten mean isopycnal surfaces. A conspicuous example of this is the meridional overturning cell in the Antarctic Circumpolar Current that is opposite to the Eulerian-mean deacon cell (i.e., x × Y* > 0 in the center of the current).
The interpretation of eddy-induced advection extends to the eddy flux of any material concentration c with the decomposition,
Again, the eddy-induced Lagrangian velocity v*, defined in terms of the eddy buoyancy flux, contributes an advective tendency for ácñ, but now, the residual material flux R*[ácñ] includes fluxes both along the mean buoyancy surfaces as well as across them [R* here is defined by making a decomposition of áv¢c¢ ñ perpendicular and parallel to áÑácññ, analogous to (5) relative to áÑábññ, and then by subtracting the first term in (8)]. The isopycnal component is not expected to be small and is often interpreted and modeled as isopycnal eddy diffusion of ácñ (section 3.3; Redi [1982] ). The diapycnal component of R*[ácñ] is still expected to be small if eddy trajectories are approximately confined to isopycnal surfaces.
This quasi-adiabatic characterization of eddy fluxes does not hold within the turbulent boundary layers [Tandon and Garett, 1996] , and the eddy material fluxes in (5) and (8) both develop stronger diapycnal components and rotate toward a boundary-parallel orientation to preclude any boundary-normal flux [Ferrari et al., 2008] .
Eddy Reynolds Stress, Kinetic Energy Conversion, and Current Rectification
Barotropic instability allows eddies to grow at the expense of the mean current (section 3.1) when the horizontal Reynolds stress áv¢ h v¢ h ñ has a negative tensor correlation with the mean horizontal shear Ñ áv h ñ, i.e., it acts in the sense of an eddy flux down the mean gradient, consistent with a positive horizontal eddy viscosity, v h > 0, and it effects a conversion from mean to eddy kinetic energy. Vertical Reynolds stress is much less likely to be significant for eddies because their vertical velocity w¢ is so weak (section 2). The Loop current in the Gulf of Mexico exhibits this behavior, with finite fluctuation amplitudes leading to the detachment of large, anticyclonic eddies (Figure 1 ; Hurlburt and Thompson [1980] ). There is similar, if limited, evidence for down-gradient momentum flux in the Gulf Stream along the western boundary [Dewar and Bane, 198] in the location where such an effect is expected from gyre theory (section 3.1). However, there is a competing paradigm for áv¢ h v¢ h ñ, viz., it can accelerate a mean current by b -induced Rossby wave radiation away from a source region of eddy fluctuations [Haidvogel and Rhines, 1983; Berloff, 2005] . There is observational evidence for this effect, e.g., near the offshore Kuroshio current [Tai and White, 1990] . In particular, this type of "negative viscosity" (v h < 0), eddy-rectification behavior is common for baroclinically unstable (section 3.2), eastward jets [Marshall, 1981; McWilliams and Chow, 1981] . It is an example of spatially nonlocal eddy-mean interaction where wave propagation establishes a connection between the mean flows in the separated locations of wave generation and dissipation.
Eddy Restratification
The eddy-induced conversion of mean available potential energy and associated Lagrangian mean circulation (sections 3.2 and 3.5) have the effect of restratifying the ocean by flattening the tilted isopycnal surfaces. This effect is widespread for the tilted pycnocline surfaces associated with baroclinic, geostrophic mean currents. It can have an especially dramatic effect after episodes of deep convective boundary-layer mixing that usually occur with significant lateral inhomogeneity (e.g., in the Labrador and Mediterranean Seas). In this configuration, the isopycnal surfaces surrounding the convection zone are very steeply tilted, and they geostrophically support a strong, vertically sheared rim current. The ensuing baroclinic instability of the rim current leads to efficient lateral and vertical eddy buoyancy fluxes áv¢b¢ ñ and restratifies the convectively mixed water mass [Joes and Marshall, 1997; Katsman et al., 2004] , typically on timescales of weeks and months. Another situation where this effect is important is in the surface boundary layer when there are horizontal buoyancy gradients Ñábñ, weak geostrophic vertical shear, and weak stratification. The resulting baroclinic instability occurs on rather small scales (often more submesoscale than mesoscale), and it acts to restratify the "mixed layer" and thus competes against the microscale turbulent mixing generated by surface wind and buoyancy fluxes [Boccaletti et al., 2007; Capet et al., 2008a] . This eddy restratification effect may be particularly evident after strong surface fluxes abate.
Eddy Ventilation and Subduction
Where isopycnal surfaces intersect either the surface or bottom boundaries, a quasi-adiabatic pathway opens into the oceanic interior. This can provide a ventilation of the interior region to anomalous material concentrations generated through microscale boundary-layer mixing [Armi, 1978; Garrett, 1979] and surface fluxes. While boundary-normal eddy fluxes are zero at the boundaries (section 3.5), they increase into the interior on the scale of the boundary-layer thickness [Ferrari et al., 2008] . The situation where surfacelayer materials are carried down into the interior is referred to as eddy subduction, and it may be accomplished either by eddy mixing or by eddy-induced advection (sections 3.3 and 3.) [Marshall, 1997; Hazeleger and Drijfthout, 2000] .
Eddy-Controlled Stratification
Implicit in the eddy roles in material transport and buoyancy flux (sections 3.2, 3.3, and 3.5) are eddy influences on the 3d distribution of ábñ, including its vertical profile, i.e., the stratification. The idea of eddy control of stratification is explicitly addressed in several idealized models where eddy fluxes establish the pycnocline slope beneath the diabatic surface boundary layer. With the surface horizontal gradient Ñ h ábñ strongly constrained by large-scale air-sea interaction (i.e., by atmospheric climatological distributions), the vertical gradient ¶ z ábñ is determined from Ñ h ábñ divided by the pycnocline slope. This characterization is most fully developed for flows without zonal boundaries, hence relevant to the Antarctic Circumpolar Current [Marshall et al., 2002; Marshall and Radko, 2003; Cessi and Fantini, 2004; Olbers and Visbeck, 2005] as well as to the tropospheric Westerly Winds.
Eddy-Induced Frontogenesis
As analyzed by Hoskins and Bretherton [1972] , a horizontal strain flow induces frontogenesis by sharpening horizontal buoyancy gradients, especially near the surface boundary. In the ocean, this process occurs both due to the large-scale circulation (e.g., the subtropical fronts near the equatorward edge of subtropical wind gyres) and a fortiori due to mesoscale eddies because of their larger strain rates [Capet et al., 2008a] . Frontogenesis involves a conversion of available potential energy into kinetic energy (section 3.2) on increasingly smaller horizontal scales reaching into the submesoscale, and the ensuing frontal instabilities can further feed into a forward eddy energy cascade (section 3.4; Molemaker et al., submitted manuscript, 2007) . Frontogenesis is an effective means of upper-ocean restratification (section 3.7), and it contributes to eddy ventilation and subduction partly through secondary circulation in the crossfrontal plane (section 3.8; Thomas et al. [2007] ). The surface quasi-geostrophic model-i.e., (2) and (3) withg including the final term with surface buoyancy variations but having a uniform interior value-depicts the mesoscale frontogenesis process fairly well but excludes some important frontal instability behaviors [Held et al., 199] ; it also captures the forward cascade of available potential energy and conversion into kinetic energy that occurs in a turbulent field of surface fronts Capet et al. [2008a Capet et al. [ , 2008b .
Topographic Form Stress and Rectification
Eddies play at least two important roles in combination with topography in shaping the large-scale circulation. The most direct influence is by providing a drag force at the bottom, viz., the integrated horizontal pressure force against the bottom, the form stress áf¢Ñ h D¢ñ. The form stress be rewritten as f 0 ẑ ´ áv¢ g D¢ñ with the geostrophic approximation (cf., isopycnal form stress in section 3.2). As D¢ is steady in time in this context, the relevant eddies are also the steady deviations from the large-scale flow, i.e., the standing eddies. Form stress provides the principal balancing force to the wind stress in the Antarctic Circumpolar Current [Treguir and McWilliams, 1990; Wolff et al, 1991] , and it probably is significant in other places where mean currents extend to the bottom and cross topographic contours. A different type of influence is the effect of transient eddies over a topographic slope to generate rectified currents aligned with the topographic contours (sometimes referred to as the neptune effect) [Holloway, 1992; Adcock and Marshall, 1999] , somewhat analogous to b-induced rectification (section 3.6). It seems likely that the neptune effect will generate primarily abyssal currents in the interior and on continental slopes, as they arise from bottom eddies in contact with the topography, but the theoretical basis for predicting their vertical structure is still rudimentary [Merryfield and Holloway, 1999] .
Eddy Pumping and Quenching
In many places phytoplankton growth is limited by the supply of nutrients from the oceanic interior into the euphotic zone, and the cycle of plankton consumption and senescence is a biological pump exporting biogeochemical materials into the oceanic interior. Eddy fluxes can contribute to these exchanges through large-scale subduction and ventilation (section 3.8) and mesoscale and submesoscale secondary circulation near fronts (section 3.10). Eddy pumping may also contribute [Falkowski et al., 1991; McGillicuddy and Robinson, 1997; Benitez-Nelson et al., 2007] when the pycnocline is geostrophically elevated inside cyclonic eddies and brings its resident nutrients closer to the surface so growth and cycling can occur. After growth depletes the local nutrients, they can be replenished by isopycnal eddy material fluxes from adjacent regions. Another process is eddy quenching in the biologically active, subtropical eastern boundary upwelling currents where offshore eddy subduction along descending isopycnals removes nutrients from the euphotic zone before plankton growth fully depletes them (Gruber et al., Eddy-induced reduction of biological productivity in upwelling systems, submitted to Nature, 2007).
Eddy-Induced Climate Variability
As eddy effects are an essential part of the dynamics of the large-scale circulation, it can be expected that they will modulate the oceanic variability induced by climate variability in the surface forcing. However, eddies may also be a source of intrinsic climate variability by modifying the large-scale circulation, hence the surface temperature field, hence airsea fluxes, hence climate. The first stage of this sequence is demonstrated in idealized wind-gyre models with conspicuously high grid resolution and large Reynolds number [Berloff and McWilliams, 1999; Berloff et al., 2007] : Even with a steady wind stress forcing, the basin-scale circulation changes significantly on decadal time scales, modulated by the eddy fluxes in the separated boundary-current extension and recirculation regions. An analogous spontaneous decadal variability also occurs in the Antarctic circumpolar current, albeit by a different mechanism involving eddies and topography [Hogg and Blundell, 2006] . As yet, oGcMs and global climate models have not been configured to examine how important this effect might be. nor have some of the other major current systems-equatorial currents, thermohaline circulation, etc.-yet been investigated for this behavior.
concLuSIonS
Eddy processes and eddy fluxes have many potential consequences for the oceanic general circulation and climate. The evolution in oceanic modeling toward routinely including eddies through finer scale grid resolution is therefore a significant advance. At present, there are many theoretical ideas and idealized computational demonstrations of eddy effects on the large-scale circulation and material distributions and on climate, but as yet few certainties about how they occur in the real ocean and how they will manifest in more realistic oGcM simulations. nevertheless, it is now technically feasible to systematically carry out the research that should resolve these uncertainties within the coming years.
Notes
1. More precisely, advection can stir material fields, irreversibly entangle their iso-surfaces, and transfer fluctuation variance to ever-finer scales, but only molecular diffusion can complete the mixing process that ultimately removes the variance of material gradients. 2. A common view is that diapycnal material mixing rates in the pycnocline are mostly due to breaking internal gravity waves [Gregg, 1989] . The associated k value is ~10 -m 2 s -1 , which is 8 orders of magnitude smaller than the mesoscale isopycnal value above. The extreme anisotropy and disparity of mesoscale and microscale mixing efficiencies are the bases for the quasi-adiabatic hypothesis for eddy material fluxes [Redi, 1982; Gent and McWilliams, 1990] . 3. There is an alternative view that the most useful definition of the eddy-induced transport velocity should be based on the material conservation of potential vorticity and its eddy flux, áv¢q¢ñ, rather than buoyancy as in (5). The differences between these velocities are often small in large-scale flows, as b variations are often the dominant influence in q variations, and the present evidence is mixed about which perspective is preferable [Marshall et al., 1999; Drijfhout and Hazeleger, 2001] . 4. This is also sometimes called the residual mean flow, following Andrews and McIntyre [1976] , although there are subtle distinctions between these quantities based on the averaging operators.
